Promoting myelin repair is one of the most promising therapeutic avenues in the field of myelin disorders. In future clinical trials, evaluation of remyelination will require a reliable and quantifiable myelin marker to be used as a surrogate marker. To date, MRI assessment lacks specificity for evaluating the level of remyelination within the brain. Here, we describe 1,4-bis(p-aminostyryl)-2-methoxy benzene (BMB), a synthesized fluorescent molecule, that binds selectively to myelin both ex vivo and in vivo. The binding of BMB to myelin allows the detection of demyelinating lesions in an experimental autoimmune encephalitis model of demyelination and allows a mean for quantifying myelin loss in dysmyelinating mutants. In multiple sclerosis brain, different levels of BMB binding differentiated remyelination in shadow plaques from either demyelinated lesions or normal-appearing white matter. After systemic injection, BMB crosses the blood-brain barrier and binds to myelin in a dose-dependent and reversible manner. Finally, we provide evidence that 11 C-radiolabeled BMB can be used in vivo to image CNS myelin by positron-emission tomography in baboon. Our results provide a perspective for developing a brain myelin imaging technique by positron-emission tomography.
M
yelin is a unique structure in the nervous system that allows rapid, economic, and secure conduction of impulses along axons. The loss or lack of myelin resulting from an acquired or inherited disease may produce a delay or failure of conduction in affected fibers, with concomitant neurological dysfunction. In the human CNS, multiple sclerosis (MS) is the most common acquired demyelinating disease, affecting Ϸ2 million people worldwide (1) . The leukodystrophies, induced by inherited enzyme deficiencies, also affect CNS white matter, resulting in abnormal formation, destruction, or turnover of myelin sheaths (2) . Both acquired and inherited myelin disorders share a poor prognosis, leading to major disability in young people.
Spontaneous remyelination can occur in the CNS and was first demonstrated by electron microscopy of lesions in the adult mammalian spinal cord (3) . Remyelination results in the formation of short and thin myelinated internodes, but it enables the restoration of a sufficient conduction along axons and allows some functional recovery (4, 5) . In demyelinating diseases such as MS, this regenerative process does occur and sometimes proceeds to completion (6) , but it is less efficient than in experimental animal models (7) . Improving repair processes can theoretically be achieved by either promoting endogenous repair mechanisms or providing an exogenous source of myelinating cells by transplantation (8) (9) (10) . Clinical trials are expected to be carried out in the latter field soon.
A major clinical issue of such trials is to assess and quantify myelin repair in vivo. To date, MRI is the reference test for diagnosing and monitoring the evolution of white-matter diseases (2, 11, 12) . Unfortunately, an increase in signal intensity on dualecho T2-weighted sequences reflects increased tissue water, provides only a nonspecific measure of the overall extent of macroscopic tissue injury (13) , and does not specifically parallel the extent of demyelination and͞or remyelination. Other MRI techniques such as magnetization transfer (MT) and diffusion tensor imaging allow a more precise assessment of the pathological mechanisms involved in human white-matter diseases. Reduced MT ratio probably reflects a loss of myelin, but also a reduction in axonal density (13, 14) . Diffusion weighted imaging (DW-MRI) provides details on tissue microstructure and allows fiber tracking in the brain (15) , but to date it has not been demonstrated that DW-MRI differentiates between myelin and axon injury. Therefore it is very important to develop a safe imaging technique aimed at quantifying CNS myelin. This goal might be achieved by using molecular imaging by positron-emission tomography (PET).
Here, we report that a Congo red derivative, 1,4-bis(paminostyryl)-2-methoxy benzene (BMB), stains CNS myelin both ex vivo and in vivo and can be used as a radiotracer for PET imaging.
Results

BMB Is a Quantifiable Marker of Myelinated Tracks ex Vivo and in Vivo.
The chemical structure of BMB confers spontaneous fluorescence when excited by light of wavelength Ϸ480 nm, allowing the analysis of its binding on CNS sections by fluorescence. When 1 mM BMB (0.34 mg͞ml) was incubated for 15 min on postnatal P21 mouse brain sections, we obtained an intense fluorescence restricted to white-matter tracts such as the corpus callosum, rostral commissure, myelinated bundles of the striatum, brainstem, and deep white matter of the cerebellum (Fig. 1) , whereas incubation of sections with the vehicle alone did not result in fluorescence of the myelinated areas (data not shown). Because myelin is known for its highly enriched lipid composition, we assessed the staining of BMB on cerebellar sections when lipids were removed by either a 10-min incubation in ethanol or a 20-min incubation in acetone. Fluorescence obtained in the white matter was not modified by these treatments compared with control conditions (data not shown), demonstrating that BMB did not bind to an hydrophobic lipid contained in myelin.
The interaction of BMB with myelin was further investigated by a binding experiment. Binding assays were performed by using an isolated myelin membrane subfraction and a control nonmyelin membrane fraction prepared at the same time. Free and bound BMB was determined from both myelin membranes and nonmyelin materials, which were incubated with BMB. The concentration of unbound BMB was not reduced by increasing amounts of pellet of other brain membranes and was close to the total concentration (10 M) initially present ( Fig. 2) , suggesting virtually no binding to the nonmyelin fraction. In contrast, the concentration of unbound BMB decreased proportionally as the concentration of myelin increased, indicating a direct interaction between BMB and myelin membranes.
We then asked whether BMB could cross the blood-brain barrier. BMB (40 mg͞kg) was injected i.p. into adult mice in a 200-l volume of DMSO. Fluorescence was analyzed on sagittal sections of the cerebellum 4 h after the injection, and fluorescence intensity in the white matter was quantified in the same area by using OPENLAB software (Fig. 3A) . The level of fluorescence induced by BMB was 4-to 5-fold higher than the background fluorescence measured in controls receiving DMSO alone (Fig.  3B ), indicating that BMB indeed crosses the blood-brain barrier and stains myelinated tissues. Staining in the cerebellum white matter was 2.13-fold higher than in the molecular layer (504 Ϯ 54 versus 237 Ϯ 11 arbitrary units of fluorescence). The staining in white matter was concentration-dependent, with an increasing level of fluorescence obtained for concentrations ranging from 1 to 40 mg͞kg (Fig. 3C) . A significant staining was rapidly detectable, with 50% of the maximal binding obtained 15 min after injection. The maximal binding of BMB in the white matter was observed 4 h after the i.p. injection and remained high for 24 h before returning to control values at 48 h (Fig. 3D ). These data suggest that the fixation of BMB was reversible, but cleared slowly from the brain.
To show that BMB could be used in vivo to quantify myelin loss, the binding of BMB to myelin was then quantified in two dysmyelinating mutants, the shiverer and the quaking mouse (Fig. 4) . In the shiverer mutant, which presents a deletion of the myelin basic Comparison of the concentration of free, unbound BMB, when applied to the isolated myelin sheaths and pellets of other brain membranes based on a spectroscopic assay. In these assays, 10 M BMB was used for each preparation containing myelin or nonmyelin pellets at various protein concentrations ranging from 0.01 to 1.5 g͞ml. Each data point was an average of three experiments. protein (MBP) gene (mbp), the staining with MBP antibody was absent, whereas residual myelin was visualized by anti-proteolipid protein (PLP) immunolabeling (data not shown). Staining of BMB in the white matter was strongly reduced with a mean value of 27.7% (SD, Ϯ16.9) compared with control animals (same age, same strain; Fig. 4 A, B, and D). In quaking animals, MBP and PLP immunostaining, although reduced, was still present, allowing visualization of residual myelin. Staining of BMB was also reduced with a mean value of 45.5% (SD, Ϯ19.6) compared with control animals (same age, same strain; Fig. 4 A, C, and E). Therefore, in these dysmyelinating mutants, the reduction of BMB binding parallels the decreased myelin content.
BMB Allows the Visualization of Demyelinated Lesions. We next examined whether BMB could be used to identify demyelinated lesions in demyelinating models and MS. Experimental autoimmune encephalitis (EAE) was induced in C57BL/6 mice by injecting an encephalitogenic peptidic fragment (residues 35-55) of the myelin oligodendrocyte glycoprotein, and BMB (40 mg͞kg) was injected i.p. at day 21 after immunization, when the clinical disability was moderate to severe (stages 2-3 of the scale, see Materials and Methods). BMB staining was examined 4 h later. Most of the demyelinated lesions, identified as a lack of staining with the anti-PLP antibody (Fig. 5A) , were detected in the cervical spinal cord. Each PLP-demyelinated lesion was characterized by a similar lack of BMB staining on the adjacent sections (Fig. 5B) . To verify that, in this EAE model, the detected lesions did not consist of holes, with disappearance of all cell types, BMB staining was combined with other immunolabeling, using anti-glial fibrillary acidic protein antibody for astrocytes, 2F11 antibody for neurons, and Hoechst staining for nuclei. These experiments showed the presence of denuded axons and astrocytes in the lesions (see Fig. 8 , which is published as supporting information on the PNAS web site).
Because EAE is an animal model for MS, we then examined whether BMB also binds to human myelin and could be used for detecting demyelinated lesions in the MS brain. Brain tissue sections from two MS patients were incubated for 15 min with 1 mM BMB, and adjacent sections were treated with either anti-PLP mAb or Luxol fast blue staining. In humans, the BMB staining of the normal-appearing white matter was the same as in rodents. MS demyelinated lesions, identified as a lack of staining with PLP antibody (Fig. 5C ), were also visualized as a decrease in the BMB staining (Fig. 5D ). We further analyzed the level of BMB staining in shadow plaques, which correspond to remyelinated areas. Shadow plaques were identified by Luxol fast blue staining and appeared as less-stained areas (Fig. 5E ). These remyelinated lesions were also easily distinguished from demyelinated lesions (absence of staining) and normal-appearing white matter (bright staining) by using BMB (Fig. 5F ). Together, these data suggested that BMB was a suitable marker not only for identifying demyelination, but also for evaluating myelin repair. 11 C]BMB within the brain was the same for the regions analyzed, pons, cerebellum, striatum, and cortex with subcortical white matter (Fig. 6) . As soon as 5 min postinjection (p.i.), [ 11 C]BMB was retained in the brain compared with the plasma and blood compartments. The radioactivity further increased in the brain up to 15 min p.i., and thereafter remained quite stable until 45 min p.i., whereas it slowly decreased in the blood and plasma compartments throughout the experiment. At 45 min p.i. the mean radioactivity retained in the brain was 5.5-fold higher than in the plasma and 6.8-fold higher than in blood, demonstrating that there was indeed an accumulation of [ 11 C]BMB in the CNS. However, this experiment did not allow us to differentiate white-matter retention from gray-matter retention, because both structures were present in all of the samples analyzed. 15, 45 min) . Blood samples were collected, the CNS and peripheral nervous system samples were quickly dissected out, and the radioactivity was quantified in each sample. There was a significant accumulation within CNS structures (curves 1-4) compared with blood (curve 6) and plasma (curve 7). Sciatic nerves showed intermediate levels (curve 5). Measures shown represent the mean of three rats analyzed at each time point.
99-MBq dose of [
11 C]BMB was injected i.v. and followed by a rapid distribution phase in the blood compartment (Ϸ5 min) with a similar kinetic in blood and plasma (data not shown). In the CNS there was a higher uptake in the subcortical white matter than in adjacent cortical areas when frontal, parietal, or cerebellar regions were considered (Fig. 7 A-E) . The radioactive concentration (expressed as percentage of injected dose per 100 ml of tissue) rapidly increased to reach a peak between T 10 min and T 20 min, and then slowly decreased. Once the peak was reached, the uptake was greater in myelinated areas compared with the adjacent cortex in each area studied. Nevertheless, the level of radioactivity, although slowly decreasing, remained quite high in several gray-matter regions, especially the thalamus and putamen (Fig. 7F) . Because of the short half-life of [ 11 C] it was not possible to continue PET examination for Ͼ100-110 min.
Discussion
To date the diagnosis and the monitoring of myelin disorders in humans has been performed with the help of MRI examination (12, 13) . However, despite its high sensitivity and good spatial resolution, this technique lacks specificity for quantifying myelin loss and image remyelination (16, 17) . Promoting myelin repair is one of the most promising therapeutical perspectives in the field of myelin disorder (18) . Once such a strategy is available for human clinical trials, there will be a crucial need for a good quantifiable myelin marker that may be used as a surrogate endpoint.
The present study demonstrates that BMB, a Congo red derivative, is a suitable molecular probe for staining myelin in the CNS, either ex vivo or in vivo, and that its chemical structure allows radiolabeling with 11 C, which opens the possibility for developing myelin imaging by PET.
The selectivity of BMB fixation on myelin is apparent by several observations: (i) this compound stains normal-appearing white matter in animals and humans; (ii) its fixation is drastically decreased in demyelinating lesions; and (iii) the level of binding differs between normal-appearing white matter, remyelinated shadow plaques, and demyelinated lesions in MS brain. This selectivity is corroborated by the binding assays showing that BMB did not bind to nonmyelin membranes. Finally, it is also strengthened by the recent report (19) showing that two other squarylium-based dyes with a structure reminiscent of that of Congo red could also stain myelin. However, the question of the molecular target of BMB within myelin remains to be deciphered. As BMB is a Congo red derivative, it should share some binding properties with other structurally related compounds. Several Congo red derivatives, for example, Chrysamine-G (20), methoxy-X04 (21), or X-34 (22) , have been synthesized to stain amyloid deposits in Alzheimer's disease. All of these molecules are thought to bind preferentially amyloidlike protein with a ␤-pleated sheet conformation (23, 24) . Moreover, a large array of at least five adjacent ␤-sheet structures has been hypothesized to be the necessary structural component for binding of this class of compounds to amyloid fibrils (20, 23) . Of outstanding interest, such a structure containing five ␤-pleated sheets has been described in MBP, one of the major myelin proteins in the CNS (25) . Accordingly, there was a profound, but not total, decrease in BMB binding in shiverer mice, which totally lack MBP (26, 27) . In quaking mice, whereas the primitive mutation of the Qk RNA binding protein also affects to some extent MBP expression (28), there is not a complete disappearance of MBP. Interestingly, the decrease in BMB staining is less pronounced in the Qk than in the shiverer mouse. These findings, and the lower level of binding in the sciatic nerve, which contains less MBP in myelin, are compatible with a predominant binding of BMB to MBP. However, because BMB staining on myelin, although largely reduced, is still present in shiverer mice, other putative targets have to be considered. We evaluated three putative candidate molecules expressed by CNS myelin: myelin oligodendrocyte glycoprotein (MOG), LPA1, and S1P5. Invalidation of these genes did not affect the myelin content of the corresponding mutants (29) (30) (31) (32) . We found no modifications of BMB staining in the MOG Ϫ/Ϫ , LPA Ϫ/Ϫ , and S1P5 Ϫ/Ϫ null mutants (data not shown), indicating that none of these three molecules was a target for BMB. Therefore, to date, the molecular target of BMB remains to be clarified.
Because of its fluorescent properties, BMB allows simple staining of myelinated areas in WT and demyelinated animals, either ex vivo or after in vivo injection. Interestingly, such a simple myelin staining could be combined with immunohistochemistry using, for example, rhodamine as fluorochrome. Therefore this marker could simplify several experimental procedures currently used to detect demyelination and remyelination. In addition, using a software (OPENLAB) aimed at quantifying fluorescence, we were able to evaluate the level of myelin loss in the two dysmyelinating mutants analyzed. Such a quantitative technique could also be useful for quantifying remyelination in animals, either spontaneous or that promoted by pharmacological tools. Indeed, the development of any strategy of remyelination for human diseases will require positive results from experimental animal models. Evaluation of myelin repair in such models usually needs time-consuming quantification of remyelinated internodes, and a simpler quantifiable marker of myelin loss and repair would drastically simplify the selection of putative promyelinating molecules.
BMB also displayed some of the prerequisites to develop a radiotracer for PET imaging: it was radiolabeled with a positron emitter, [ 11 C] (half life: 20.38 min); it crosses the blood-brain barrier, accumulates into the brain, and clears slowly from the brain. However, it remains to be definitively demonstrated that [ 11 C]BMB binds specifically to brain myelin in a saturable manner, and the precise kinetic rate constants of the binding process remain to be defined as well. The advantage of small-molecule probes such as BMB is that they can be readily modified with a wide variety of analogs that can be designed and synthesized. This allows for extensive structure-activity relationship studies and facilitates identification of lead compounds with optimal in vitro binding properties and in vivo pharmacokinetic profiles. For example, in the development of amyloid imaging radiotracers, several Congo red derivatives were synthesized with better permeability to the brain (20) or increased affinity to the target (22) than the parental compound. In this respect, it is possible that BMB could bind to pathological lesions such as amyloid plaques, although it should be relatively easy to exclude in the context of demyelinating diseases. In the case of myelin imaging, to optimize the target to background uptake, the evaluation of several compounds might be fruitful. When the baboon's brain was studied by PET, we observed a higher retention of [ 11 C]BMB in subcortical white matter than in adjacent cortex. However, there was still some retention of the signal in gray structures, especially thalamus and striatum. This retention may be related to the many myelinated fibers present in these structures (33) , but could also be caused by blood flow-dependent delivery in these highly vascularized regions as the blood flow dependence of BMB has not yet been determined. To minimize the influence of nonspecific retention, extending the duration of the PET examination, using a radionuclide with longer half-life such as 18 F (half life ϭ 109.8 min) and quantifying the signal during the latest frames may be useful. Preservation of myelin staining during a longer examination should be achievable considering the very slow clearance of BMB from myelin that we have observed in mice. Such improvement in the imaging procedure, together with the selection of the optimal lead compound, should allow an optimal elimination of unbound and nonspecifically bound compound and the enhancement of the contrast between white matter and gray matter and between demyelinated lesion and surrounding white matter. Indeed, because of the partial volume effect and the relatively low resolution of PET, it has to be kept in mind that signal detection could be problematic for small demyelinating lesions, and the best contrast possible will be required.
In conclusion, our results provide evidence that small molecular probes structurally related to Congo red such as BMB could be used as myelin markers in either the animal or human CNS. Labeling of such molecules with a radionuclide raises the possibility of developing myelin imaging techniques by PET. This technique could allow improved understanding of myelin disorders and a means of assessing myelin repair and the efficacy of promyelinating therapeutics.
Materials and Methods
Animals. Experiments on all animals were in strict accordance with the recommendations of the European Community (86͞609͞CEE) and the French National Committee (Décret 87͞848) for the care and use of laboratory animals.
Control mice were from either the OF1 or C57BL͞6J strains, and rats were from the Wistar strain (Iffacredo, L'Arbresle, France). Homozygous shiverer (Shi) mutants were from Institut National de la Santé et de la Recherche Médicale's animal room facility, heterozygous quaking (Q k ) mice were obtained from The Jackson Laboratory, and homozygous Qk qk were obtained by crossing heterozygous animals. The monkey was a Papio anubis baboon from Commissariat à l'Energie Atomique animal room facilities. For radiolabeling, the methoxy group of compound iii was first converted to a hydroxyl group to give (E,E)-1,4-bis(4Ј-nitro-styryl)-2-methoxy-benzene and subsequent reduction of the nitro groups yielded (E,E)-1,4-bis(4Ј-amino-styryl)-2-hydroxy-benzene, which was used as the precursor for subsequent radiolabeling. Antibodies. Mouse anti-MBP mAb (IgG1; Euromedex, Souffelweyersheim, France) was diluted 1:50. Rat anti-PLP mAb was diluted 1:10 (gift from K. Ikenaka, University of Okasaki, Okasaki, Japan). Rabbit polyclonal anti-glial fibrillary acidic protein Ab (DAKO) was diluted 1͞400. Mouse antiphosphorylated neurofilament IgG1 mAb (2F11; DAKO) was diluted 1͞500. Alexa 594-conjugated sheep anti-mouse IgG1, goat anti-rat IgG, and goat anti-rabbit IgG were from Molecular Probes and diluted 1:100.
Immunohistochemistry and BMB Staining. Mice were perfused intracardially with 4% paraformaldehyde in PBS. The whole brains were postfixed overnight at 4°C in the same fixative, cryoprotected for several hours at 4°C in PBS containing 15% sucrose, embedded in 15% sucrose and 7.5% gelatin in PBS, and frozen in melting isopentane. Sections (10 m thick) were cut on a Microm cryostat and collected on RNase-free Superfrost slides (Menzer-Glaser, Braunschweig, Germany).
For ex vivo labeling of mouse and human sections with BMB, a BMB solution (1 mM diluted in DMSO) was incubated for 15 min at room temperature, before being extensively washed in PBS. For in vivo staining in mice, 200 l of a BMB solution diluted in DMSO was injected i.p. into animals at a final dose ranging from 1 mg͞kg (20 g in 200 l) to 40 mg͞kg (800 g in 200 l). Animals were then perfused at various time points after injection (from 5 min to 48 h later).
Postmortem human CNS tissue from MS brains was provided by D. Seilhean (Salpetriere Brain Tissue Bank, Paris). For the purpose of this work, tissues from two different cases were analyzed. Frozen blocks of CNS tissue (2-4 cm 3 ) were postfixed by immersion in 4% paraformaldehyde in PBS for 10 min, and 10-m cryostat sections were mounted onto Superfrost slides. To identify demyelinated or remyelinated plaques, adjacent sections were either stained with Luxol fast blue͞periodic acid Schiff or immunolabeled with a PLP antibody (35) . 
